The population structure and genetic diversity of Citrus leaf blotch virus (CLBV) were estimated by single-strand conformation polymorphism and nucleotide sequence analyses of two genomic regions located within the replicase (R) and the coat protein (C) genes. Analysis of 30 cDNA clones of each genomic region from two CLBV isolates showed that both isolates contained a predominant haplotype and others closely related. Analysis of 37 CLBV Spanish field isolates showed low genetic diversity (0n0041 and 0n0018 for genomic regions R and C, respectively). Comparison of 14 CLBV isolates from Spain, Japan, USA, France and Australia showed genetic diversities of 0n0318 (R) and 0n0209 (C), respectively. No correlation was found between genetic distance and geographical origin or host species of the isolates. The ratio between nonsynonymous and synonymous substitutions was the lowest found in a plant virus, indicating a strong negative selective pressure in both genomic regions.
The population structure and genetic diversity of Citrus leaf blotch virus (CLBV) were estimated by single-strand conformation polymorphism and nucleotide sequence analyses of two genomic regions located within the replicase (R) and the coat protein (C) genes. Analysis of 30 cDNA clones of each genomic region from two CLBV isolates showed that both isolates contained a predominant haplotype and others closely related. Analysis of 37 CLBV Spanish field isolates showed low genetic diversity (0n0041 and 0n0018 for genomic regions R and C, respectively). Comparison of 14 CLBV isolates from Spain, Japan, USA, France and Australia showed genetic diversities of 0n0318 (R) and 0n0209 (C), respectively. No correlation was found between genetic distance and geographical origin or host species of the isolates. The ratio between nonsynonymous and synonymous substitutions was the lowest found in a plant virus, indicating a strong negative selective pressure in both genomic regions.
RNA viruses are believed to have the potential for high genetic diversity as a result of their capacity to build up large populations and the error-prone nature of RNA polymerases (Domingo & Holland, 1994) . However, other factors affecting this diversity include genetic recombination, genome reassortment, genetic drift and natural selection (Dolja & Carrington, 1992 ; Gibbs, 1995 ; Koonin & Dolja, 1993 ; Roossinck, 1997 ; Garcı! a-Arenal et al., 2001) . Thus, although the error rate of different viral RNA polymerases is similar (Domingo & Holland, 1994) , genetic diversity may differ between viruses depending on the host range, means of Author for correspondence : Jose! Guerri.
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The nucleotide sequences obtained in this work have been deposited in the EMBL database under accession numbers AJ488033-AJ488047 and AJ488182-AJ488193. dispersal, geographical incidence and\or virus-vector relationships. Understanding the influence of these factors on virus variation requires characterization of the virus population structure and estimation of its genetic diversity. These studies also have a practical interest for plant virus control, since strategies based on monogenic host resistance are dependent on the genetic variation of the virus. Studies on genetic variation of plant virus populations are generally rare and mostly restricted to viruses infecting annual crops (Garcı! aArenal et al., 2001) , with the only exception being recent studies on Citrus tristeza virus (CTV) (Ayllo! n et al., 1999 ; Rubio et al., 2000 Rubio et al., , 2001b Kong et al., 2000) .
Citrus leaf blotch virus (CLBV) has been recently characterized (Galipienso et al., 2000 (Galipienso et al., , 2001 . Its host range is presently restricted to citrus and vector transmission has not been demonstrated (Galipienso et al., 2000, and unpublished data) . CLBV virions are filamentous particles 960 nm in length composed of single-stranded, positive-sense, genomic RNA (gRNA) of 8747 nt and a 41 kDa coat protein (CP). The CLBV gRNA has three open reading frames (ORFs) encoding a polyprotein involved in replication, a potential movement protein and the CP (Fig. 1, Galipienso et al., 2001 ; Vives et al., 2001) . In addition to the gRNA, CLBV-infected tissues contain two subgenomic RNAs which are 3h-coterminal and two which are 5h-coterminal (Vives et al., 2002a) .
In this work, we studied the population structure and the genetic variation within and between CLBV isolates from various countries using single-strand conformation polymorphism (SSCP) and nucleotide sequence analyses. Two genomic regions were selected on the basis of their different degree of conservation in filamentous viruses (Dolja et al., 1991 ; Vives et al., 2001) . Region R, located in ORF1 between the methyltransferase and protease domains, had low nucleotide identity in different filamentous viruses, whereas region C encompassed a conserved C-terminal region of the CP gene. A total of 46 CLBV isolates was analysed. Thirty-seven of them were collected in a field survey spanning a 100 km transect in the main citrus area of Eastern Spain and comprised 32 from sweet orange [C. sinensis (L.) Osb.] (isolates S1s to S32s), two from clementine (C. clementina Hort. ex Tan.) (isolates S33c and S34c) and three from satsuma mandarin [C. unshiu (Macf.) (isolates S35m to S37m). Isolates S38k, A1k and F1k were from Nagami kumquat [Fortunella margarita (Lour.) Swing.], S38k was from a variety collection at Alhama, Murcia (Spain), A1k from New South Wales, Australia (kindly provided by P. Barkley) and F1k from Corsica, France. Isolates J1m, J2m, J3m and J4m were from different satsuma cultivars from Japan, and U1s and U2s from Roble sweet orange trees from Florida, USA (kindly provided by S. M. Garnsey). Infected tissue was always sampled from field trees or from bud propagations thereof.
Total RNA was extracted from healthy or CLBV-infected leaf tissue with TRIzol reagent (Invitrogen) and used as template for reverse transcription and PCR amplification (RT-PCR) as previously described (Vives et al., 2002b) , but using equimolar concentrations (1n5 mM) of MgCl # and deoxynucleotides to minimize the Taq DNA polymerase errors (Eckert & Kunkel, 1990) . Region R was amplified with primers KU-54 (5h ACTTGCAGAAATGATCAGACCG 3h, positions 2260-2281) and KU-55 (5h TGCCTCATAGAAAT-TTATTAATGCAC 3h, positions 2728-2703), and region C with primers KU-18 (5h TTAAGATTACAGACACGAAGG 3h, positions 7686-7706) and KU-19 (5h CTGTTTTTGAATT-TTGCTCG 3h, positions 8123-8104), based on the CLBV sequence (Vives et al., 2001) (Fig. 1) . All CLBV isolates yielded PCR products of 469 or 438 bp, which corresponded to the size expected for regions R or C, respectively, whereas no amplification was obtained using equivalent tissues from healthy plants (data not shown).
To examine the intra-isolate population structure of CLBV isolates S2s (from a Spanish sweet orange) and J1m (from a Japanese satsuma mandarin), the RT-PCR products from regions R and C were SSCP-analysed as previously described (Rubio et al., 1996 (Rubio et al., , 2000 , but using 10 % acrylamide gels and 300 V for 2n5 h for electrophoresis. The RT-PCR products were then cloned into pGEM-T (Promega) using standard protocols (Sambrook et al., 1989) , and thirty randomly selected clones from each region and isolate were PCR-amplified with the corresponding primers. The SSCP pattern of individual clones was compared with that of the corresponding RT-PCR product. For each region, different SSCP profiles were considered genetic variants or haplotypes. Three to five different haplotypes were observed for each isolate and genomic region, one of them being predominant. The predominant haplotype always accounted for more than 80 % of the clones analysed, and its SSCP pattern was identical to that observed in the corresponding RT-PCR product (Fig. 1a) .
To estimate the genetic diversity within CLBV isolates S2s and J1m and the reliability of SSCP analysis to discriminate between sequence variants, we determined the nucleotide sequence of all clones that had different SSCP patterns and four clones that had the same SSCP pattern for each region and isolate. Nucleotide sequences were determined with an ABI PRISM DNA sequencer 377 (Perkin-Elmer) and aligned with the   program (Thompson et al., 1994) .  (Kumar et al., 2001 ) was used to estimate nucleotide distances (number of nucleotide differences per site) between pairs of sequences using the Kimura 2-parameter method (Kimura, 1980) . All clones with the same SSCP pattern had identical nucleotide sequences, except one from region R and one from region C Table 1 . Genetic distances between CLBV isolates † Isolates are denoted: first letter, country (S, Spain; U, USA; J, Japan; A, Australia; F, France); different numbers from the same country correspond to different isolates; second letter, citrus host (s, sweet orange; m, satsuma mandarin; k, kumquat). ‡ Number of nucleotide substitutions per site between pairs of sequences estimated using the Kimura 2-parameter method (Kimura, 1980) . that differed by a single nucleotide. Similar results were found in other plant viruses Hall et al., 2001) and indicate that SSCP analysis is an accurate tool to identify genetic variants. Genetic diversity (average genetic distance between two genetic variants selected randomly) was estimated from the nucleotide distance between haplotypes and their frequency in the population, using the method of Lynch & Crease (1990) . The intra-isolate genetic diversity of isolates S2s and J1m for region R was 0n0017 and 0n0006, respectively, whereas diversity for region C was 0n0005 in both isolates. These diversity values could be overestimated due to errors associated with the reverse transcriptase and Taq DNA polymerase activities (Bracho et al., 1998) ; however, considering the low values obtained here, the impact of such errors should be minimal. These low intra-isolate diversity values, which are similar to those reported for other plant viruses (Kong et al., 2000 ; Schneider & Roossink, 2000 ; Rubio et al., 2001a) , indicate that the populations of CLBV isolates S2s and J1m are composed of closely related haplotypes, one of them being clearly predominant.
To examine the heterogeneity of CLBV isolates from a natural population in Eastern Spain, the RT-PCR products amplified from the R and C regions of 37 isolates were SSCPanalysed. In all cases one or two intense bands were observed, suggesting that all isolates had a predominant haplotype. Five different SSCP patterns were observed for region R and four for region C, but for both genomic regions more than 80 % of the isolates showed the same pattern (Fig. 1b) . To estimate genetic diversity of the population for each genomic region, all PCR products showing different SSCP patterns, and ten showing the same SSCP pattern, were sequenced. All isolates with the same SSCP pattern had identical nucleotide sequences supporting the validity of SSCP analysis to identify genetic variants. The nucleotide distances between isolates with different SSCP patterns ranged from 0n0024 to 0n0273 for region R and from 0n0025 to 0n0154 for region C (see S isolates in Table 1 ). The genetic diversity (estimated from haplotype frequencies and nucleotide distance between haplotypes ; Fig. 1 and Table 1 ) was 0n0041 and 0n0018 for regions R and C, respectively. These diversity values are low compared with those calculated for the Spanish population of CTV (also restricted to citrus hosts), which ranged from 0n0352 to 0n1763, depending on the genomic region analysed (Rubio et al., 2001b) . This suggests that the Spanish CLBV population could derive from a single origin and that virus introduction might have occurred recently. The observed low diversity and the 
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finding that CLBV isolates from different host species (sweet orange and clementine) had the same SSCP pattern, and therefore the same predominant haplotype, suggest that host species do not contribute to differentiation of the virus population, as observed with CTV and other plant viruses (Garcı! a-Arenal et al., 2001 ; and our unpublished results).
To assess the genetic variation of CLBV isolates from different geographical origins and citrus hosts, the RT-PCR products of genomic regions R and C from 14 CLBV isolates collected in Spain (S1s, S2s, S5s, S32s, S35m and S38k), Japan (J1m, J2m, J3m and J4m), USA (U1s and U2s), Australia (A1k) and France (F1k) were sequenced and compared (Table 1) . The nucleotide diversity between isolates was 0n0318p0n0049 and 0n0209p0n0039 for regions R and C, respectively (Table 2) . No correlation was observed between the genetic distance and the geographical origin or the host species from which the isolates were obtained. Low genetic variation among geographically distant isolates has also been reported for two tobamoviruses (Rodrı! guez-Cerezo et al., 1989 ; Fraile et al., 1996) , two criniviruses (Rubio et al., , 2001a ) and the closterovirus CTV (Rubio et al., 2001b) .
The selective constraint for amino acid change on each genomic region was estimated by computing the nonsynonymous and synonymous substitutions (Nei & Kumar, 2000) . The number of synonymous substitutions per synonymous site (d S ) was similar in regions R and C (Table 2) , whereas the number of nonsynonymous substitutions per nonsynonymous site (d N ) was smaller than d S and different for each genomic region ( Table 2 ). The ratio d N \d S was 0n0737 and 0n0086 for regions R and C, respectively. To our knowledge these are the lowest d N \d S values so far reported for a plant virus (Garcı! aArenal et al., 2001 ) and they suggest a strong negative selective pressure for amino acid changes in both genomic regions. Indeed, all isolates had identical amino acid sequence in region C, except for isolate J3m which had a unique substitution of a valine for isoleucine (data not shown). It should be noted that the C region corresponds to a zone of the CP gene which is conserved in filamentous RNA viruses (Dolja et al., 1991) .
At least four factors might account for the low genetic diversity observed : (i) CLBV might have been recently dispersed in infected budwood ; (ii) similar selective pressure by different host species has prevented host-driven population changes like those observed in other plant viruses (Rubio et al., 2000 ; Garcı! a-Arenal et al., 2001) ; (iii) strong negative selective pressure for amino acid variation ; (iv) the apparent absence of a natural vector, which might have prevented population changes induced by the founder effect often associated with the transmission process (d'Urso et al., 2000) .
